Abstract: Tamm plasmons (TPs) are the result of trapping optical energy at the interface between a metal film and a one-dimensional photonic crystal. In contrast to surface plasmons, TPs display unique properties such as the ability of direct optical excitation without the aid of prisms, or gratings, being populated using both S-and P-polarized light, and importantly, they can be created with incident light normal to the surfaces. This latter property has recently been used to obtain Tamm plasmon-coupled emission (TPCE) which beams along a path directly perpendicular to the surface. In this paper the effects of metal film thickness on TPCE are investigated using back focal plane (BFP) imaging and spectral resolutions. The observed experimental results are in agreement with the numerical simulations. The present work provides the basic understanding to design the structures for TPCE, which in turn has potential applications in the fabrication of the active material for light emitting devices, fluorescence based-sensing using microarrays and imaging. 
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Accepted Manuscript www.rsc.org/pccp PCCP Directional emission can also be achieved using probes within near-field distances from the dielectric photonic crystals (PCs), where a periodic modulation of the dielectric function on a scale comparable to the wavelength of interest provides control of light propagation, including even confinement below the diffraction limit. It has been recently shown that Bloch surface waves (BSWs) on PCs can induce the Bloch surface wave-coupled emission (BSWCE) [14] [15] [16] [17] [18] [19] [20] [21] [22] .
For SPCE and BSWCE, the emitting angle is always larger than the total internal reflection angle (TIRA), or critical angle of the glass-air interface. Another approach is to use optical antennas made of metal nanostructures to manipulate the fluorescence with emitting angle near normal to the surface (zero angle). Fabrication of this kind of optical antenna requires high-cost nanofabrication methods, which are currently not practical for large-area applications such as micro-plate sensing [23] [24] [25] [26] [27] [28] [29] . Also, it is difficult to uniquely position fluorophores at the active region of these structures. Tamm plasmon-coupled emission (TPCE) takes advantage of the small or near-zero in-plane wavenumber of Tamm plasmons (TPs) and shows directional emission close to the surface normal. In contrast to the SPs, TPs exist at the interface between the metal film and a dielectric Bragg reflector and can be populated with both S-and P-polarized light [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . Because the wave-vector of the TPs is smaller than that of light in vacuum at the same frequency, it can be excited directly without the aid of prisms or gratings. The Tamm structures described in this report are simple to be fabricated over large areas using only deposition methods. The beaming near normal fluorescence emission has potential applications for the high throughput fluorescence sensing or detection [41] [42] . Due to these unique merits, it is of great importance to understand the factors that affect the performance of the TPCE. In this paper, we focused on the effects of top metal film thickness on the performances of TPCE, which has not been reported before. Our results show that the intensity of the TPCE is sensitive to the Figure 1 (a) shows the schematic of the Tamm structure, which consists of a onedimensional photonic crystal (1DPC) [14] [15] [16] [17] [18] [19] [20] [21] [22] and a silver layer. In the absence of metal, BSWs can be generated on top surface of this 1DPC [17] . The resonant wavelength and resonant angle of BSWs are strongly dependent on the structural parameters and sensitive to the surrounding medium, which enables applications in sensing and fluorescence emission (direction or spectral) modulation [43] [44] [45] [46] [47] [48] . For the present paper this 1DPC was coated with silver films. The dielectric layers were fabricated with the plasma-enhanced chemical vapor deposition (PECVD) method. In contrast to SPs, the TPs are accessible with incident light normal to the surface. The
TPs cannot be sustained when the Ag film is too thin, for example, less than about 20 nm. When the Ag film is very thin (less than about 20 nm), and the incident angle is smaller than the TIRA, TPs do not exist on the structure. The reason for this phenomenon can be described as following:
the TPs, sometimes called Tamm plasmon polaritons (TPPs), are a trapped electro-magnetic state that exists between a metal and a dielectric Bragg reflector where the electric-magnetic field is highly confined. The confinement in the dielectric multilayer structure is due to the photonic stop band of the Bragg reflector. To realize the photonic stop band, as many as 14 layers of the dielectric films were used. The electric-field confinement by the metal is achieved as a result of its negative dielectric constant [30] . But when the metal film is too thin, such as 20nm or less, The electric filed distribution of CMs inside the Tamm samples is like an oscillating field between two mirrors with low reflectivity, so we call them as cavity modes [50] . The dips of the CMs on the reflectivity curves are due to both the absorption and transmission of the Tamm 
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grating or small roughness, these modes cannot be excited and the corresponding coupled emissions (SPCE, BSWCE) cannot radiate into the free space, which is the +Z direction in Figure 1 . On the other hand, the resonant angle of TPs is very small, almost near zero, and can be excited directly with free space light, so the TPCE will be near-normal to the planar substrate.
We experimentally investigated the effects of metal film thickness on the TPs and TPCE from the reflection spectra, fluorescence spectra, and back focal plane (BFP) images, which will be compared with the above numerical simulations.
3: Experimental results and discussion
The Tamm structure reflectivity spectra for the normal incidence ( Figure 1a) were measured with the reflection mode of a spectrometer from Ocean Optics, USA. The schematic of the experimental set-up for the reflectivity measurement is shown in Figure 3a . White light from a Halide lamp (Ocean Optics) is coupled into one end of a bifurcated optic fiber (R400-7-UV-VIS reflection probe); the other end of this fiber is coupled into the spectrometer (USB 4000). The white light illuminates the Tamm structures from the glass side, through the multi-layer dielectrics, and then reflects back into the spectrometer. The reflectivity spectrum from a thick Ag film (complete mirror) on a glass substrate is used as the reference. The measured reflectivity curves normal to the surface from the Tamm structures are shown in Figure 3 The appearance and change of the dips with Ag film thickness can be understood from the numerical simulation shown in Figure 2 . When the Ag film is very thin, less than about 20 nm, and the incident angle is smaller than the TIRA, TPs cannot exist on the structure and the light is reflected to the PBG. The TPs become strong when the thickness of Ag film is increased to 30 nm, or to 55 nm and 100 nm. The incident light is transferred into the confined TPs, which results in the reflection minimum. This transfer is probably due to the evanescent of the incident light and the 1DPC. As shown in Figure 2 , for both TE and TM polarized incident light, the
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Tamm plasmon resonant angle (TPRA) of the Tamm structure at 680 nm wavelength is zero degrees. Experimentally, a dip at 681 nm wavelength appears on the normal reflection curve. nm, the emission peak at 680 nm becomes more intense than the peak intensity on the emission spectrum from the control sample. The spectra measured here show that the observed emission spectra from the NB are strongly modulated by the Tamm structures. This phenomenon can be explained through the normal reflection curves shown in Figure 3(b) . The reflection spectra represents the energy conversion from far-field light to the confined optical modes (such as SPs, TPs, CMs, and GMs), while the emission spectra represents the energy conversion from nearfield optical energy (such as excited optical emitters) to the far-field light via the confined optical modes, they are reverse processes. The dip on the reflection spectrum corresponds to the peak of the fluorescence spectrum, which are both near the 680 nm. The peaks or dips appear only when the Ag film is 30 nm or thicker, so we can assume that the strong emission peaks at 680 nm wavelength can be attributed to the emission coupling with the TPs. The strong peak at 680 nm may be the result of spectral redistribution from the broad emission to a narrow band. Additional experiments are required to address this properly. 
